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ABSTRACT
Rice yellow mottle virus (RYMV) causes high losses to rice production
in Africa. Several sources of varietal high resistance are available but the
emergence of virulent pathotypes that are able to overcome one or two
resistance alleles can sometimes occur. Both resistance spectra and viral
adaptability have to be taken into account to develop sustainable rice
breeding strategies against RYMV. In this study, we extended previous
resistance spectrum analyses by testing the rymv1-4 and rymv1-5 alleles
that are carried by the rice accessions Tog5438 and Tog5674, respectively,
against isolates that are representative of RYMV genetic and pathogenic
diversity. Our study revealed a hypervirulent pathotype, named thereafter
pathotype T9, that is able to overcome all known sources of high resistance.
This pathotype, which is spatially localized in West-Central Africa, appears
to be more abundant than previously suspected. To better understand
the adaptive processes of pathotype T9, molecular determinants of resistance
breakdown were identified via Sanger sequencing and validated through
directed mutagenesis of an infectious clone. These analyses confirmed the
key role of convergent nonsynonymous substitutions in the central part of
the viral genome-linked protein to overcome RYMV1-mediated resistance.
In addition, deep-sequencing analyses revealed that resistance breakdown
does not always coincide with fixed mutations. Actually, virulence mutations
that are present in a small proportion of the virus population can be sufficient
for resistance breakdown. Considering the spatial distribution of RYMV
strains in Africa and their ability to overcome the RYMV resistance genes
and alleles, we established a resistance-breaking risk map to optimize
strategies for the deployment of sustainable and resistant rice lines in
Africa.
First reported 50 years ago, Rice yellow mottle virus (RYMV) is
a major biotic constraint to rice cultivation in Africa (Se´re´ et al.
2013). RYMV is a viral species of genus Sobemovirus that is
responsible for high rice production losses in agroecosystems in
most rice-growing countries of Africa (Kouassi et al. 2005; Traore´
et al. 2015). Highly adapted to the two cultivated rice species, Asian
rice Oryza sativa and African rice O. glaberrima, RYMV has a
narrow host range that also includes other wild Poaceae species
(Bakker 1974). RYMV possesses a single-stranded RNA genome
that is organized into five open reading frames (ORF) (Fig. 1A).
Highly diverse, RYMV is classified into six major strains with a
strong geographical distribution. Strains S1 and S2/S3 are found in
West and West-Central Africa whereas strains S4, S5, and S6 are
present exclusively in East Africa (Pinel-Galzi et al. 2015). This
spatial pattern of RYMV diversity is explained by the absence
of seedborne transmission and of long-distance movement
(Allarangaye et al. 2006; Fargette et al. 2006; Konate´ et al. 2001).
In addition to short-distance propagation that is mainly mediated
by beetles, RYMV is transmitted by contact during agricultural
practices such as transplantation from rice nurseries to fields
(Bakker 1974; Traore´ et al. 2006b).
In combination with the surveillance of seedbed contamination
(Traore´ et al. 2006b), varietal selection is the most efficient and
sustainable way to manage RYMV. Several sources of resistance
have been identified in the two cultivated rice species. Only two
among the thousands of O. sativa tested accessions are highly
resistant, whereas approximately 8% of the O. glaberrima acces-
sions have the same phenotype of high resistance (Thie´me´le´ et al.
2010). Several major resistance genes such as RYMV1, RYMV2,
andRYMV3 have been reported (Albar et al. 2003; Pidon et al. 2017;
Thie´me´le´ et al. 2010). RYMV1 is the most studied and encodes
the translation initiation factor eIF(iso)4G1 (Albar et al. 2006). Four
RYMV1 resistance alleles have been identified, named rymv1-2
through rymv1-5, and characterized by single nonsynonymous
mutations or short deletions in the central domain of the protein.
Currently, only the rymv1-2 allele has been introduced in rice
varieties (Bouet et al. 2013; Ndjiondjop et al. 2013). Because
the deployment of resistance plants has not yet been performed
at large scales and over long periods of time, their ability to sus-
tain resistance under field conditions is still unknown. However,
under controlled conditions, the resistance-breaking (RB) ability of
isolates has been tested after inoculation of 114 and 84 isolates that
are representative of the RYMV genetic diversity to Gigante and
Tog5681 accessions, respectively (Pinel-Galzi et al. 2007; Traore´
et al. 2010). A proportion of the tested isolates was able to overcome
the resistance of the rymv1-2 and rymv1-3 alleles (9 and 25%,
respectively). The molecular mechanism involved in this phenom-
enon has been described. A direct interaction between the wild-
type viral genome-linked protein (VPg) and the eIF(iso)4G1 of
susceptible rice species is required for viral infection to occur
(He´brard et al. 2010). Mutations of the rymv1-2 and rymv1-3 alleles
disrupt this interaction, resulting in the resistance phenotype
(He´brard et al. 2010). However, a residual multiplication of RYMV
in resistant plants, as revealed by quantitative reverse-transcription
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polymerase chain reaction (RT-PCR) analysis, allows the emer-
gence ofmutations in the central domain of theVPg (Poulicard et al.
2010; Traore´ et al. 2010). Several convergent nonsynonymous
substitutions were found in different strains. The role of the most
frequent mutations at positions 41, 48, and 52 was experimentally
validated: they restore the protein interaction with resistance alleles
(He´brard et al. 2008, 2010). Stepwise evolutionary processes were
observedwith the accumulation of RBmutations at positions 41 and
52 against the rymv1-3 allele or at codon 48 against the rymv1-2
allele (Pinel-Galzi et al. 2007; Traore´ et al. 2010).
In most cases, the adaptability of RYMV isolates is restricted
to only one of these two alleles. A glutamic acid/threonine (E/T)
polymorphism located at position 49 of the VPg is associated with
this contrasted RB ability. Isolates with genotype E49 only break
the rymv1-2-mediated resistance of Gigante and are referred to as
isolates of pathotype E. By contrast, those with the genotype T49
preferentially overcome rymv1-3-mediated resistance of Tog5681
and are referred to as isolates of pathotype T (Traore´ et al. 2010). A
viral fitness assessment showed that T49 is not only a molecular
signature of rymv1-3 RB ability but also a genetic determinant of a
Fig. 1. Genetic diversity of full-length Rice yellow mottle virus (RYMV) genomes. A, RYMV genomic organization is shown, with boxes and shades of gray
representing encoded proteins and increasing levels of genetic diversity (p), respectively. The RYMV genome encodes the movement and silencing suppressor
protein (P1), overlapping protein (Px), viral protease (Pro), genome-linked protein (VPg), proteins with unknown functions (P10/P8), viral polymerase (Pol), and
capsid protein (CP). The diversity indices (p = total substitution per site, dN = nonsynonymous, and dS = synonymous per site) are reported for each protein based
on the 33 published full-length sequences, as previously described (Poulicard et al. 2014). The VPg domain is indicated by dotted lines. B, Frequencies and
positions of single-nucleotide polymorphisms (SNP) detected by deep sequencing in non-resistance-breaking (RB) isolates (from susceptible plants used as
inoculum) and of RB isolates (from rymv1-5-resistant plants). Two samples (A and B) for each RB isolate (Ni1, Ng106, Ng119, and Tg274) were analyzed and
compiled. Black horizontal and vertical lines indicate the RYMV genome and the SNP, respectively. Nonsynonymous and synonymous mutations are indicated
above and below each RYMV genome, respectively. The height of each vertical line represents the SNP frequency class (rare = SNP frequency < 10%, frequent =
between 10 to 80%, or fixed = > 80%). Conservation of the mutated sites in all of the full-length available sequences (originated from reference sequences) at a
nucleotide and amino acid level is shown by a gray triangle.
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past adaptation to O. glaberrima in the evolutionary history of
RYMV (Poulicard et al. 2012). The East-African strains S4 and
S5-S6, located in the center of origin of RYMV, harbor the ancestral
trait E49. By contrast, strain S2-S3, which is distributed in West-
Africa, harbors the derived trait T49. This region is the geographical
distribution area of O. glaberrima (Traore´ et al. 2005; Trova˜o et al.
2015). Additionally, the S1 strain is divided into twomain lineages,
S1wa and S1ca, which correlate to their spatial distribution in West
and West-Central Africa, respectively. Several independent T49
fixation events in these two lineages have been inferred phyloge-
netically, resulting in E/T polymorphism of this strain (Pinel-Galzi
et al. 2007). Finally, T49 confers a selective advantage in the
susceptible African rice species compared with E49, regardless of
the strain (Poulicard et al. 2012). Importantly, four isolateswith T49
were efficiently able to overcome both rymv1-2- and rymv1-3-
mediated resistances, suggesting the existence of a new pathotype
(Traore´ et al. 2006a, 2010). Three of these four isolates belonged to
the S1ca lineage. This lineage also revealed a high capacity to
overcome RYMV2- and RYMV3-mediated resistance from Tog7291
and Tog5307 accessions, respectively (Pidon et al. 2017; Pinel-
Galzi et al. 2016).
In this study, we assessed the resistance spectrum of the rymv1-4
through rymv1-5 alleles against a selection of isolates that are
representative of the RYMV genetic and pathogenic diversity,
including isolates with T/E49 from the S1ca lineage. This was done
to obtain a complete overview of the RB abilities of RYMV toward
all of the identified sources of resistance in rice. We identified and
characterized a hypervirulent pathotype, named pathotype T9, that
is able to overcome all known sources of high resistance. To better
understand the adaptive processes of pathotype T9, molecular
determinants of resistance breakdown were identified and their
functional rolewas validated. Deep sequencing of the hypervirulent
pathotype T9 was performed to investigate the resistance break-
down cases without fixed mutations. The consequences of these
findings on the assessment and prediction of the emergence risks of
RYMV virulent lineages are discussed in the context of resistance
sustainability.
MATERIALS AND METHODS
Plant accessions and viral isolates. Two rice accessions
were used as susceptible controls: O. sativa indica IR64 and
O. glaberrima Tog5673 (International Rice Germplasm Collection
number 96789). Four RYMV1-resistant accessions were assessed:
O. sativa indicaGigante (rymv1-2 resistant allele) andO. glaberrima
Tog5681 (rymv1-3), Tog5438 (rymv1-4), and Tog5674 (rymv1-5)
(IRGC 96793, 96751, and 96790, respectively) (Thie´me´le´ et al.
2010). The plants were kept in a growth chamber under 12 h of
illumination at 120 µE/m2/s, 28C, and 60% humidity.
Twenty RYMV isolates were used in this study (Supplemen-
tary Table S1). They are representative of the RYMV genetic and
pathogenic diversity, and most of these isolates (16 of 20) have
previously been inoculated to the rymv1-2- and rymv1-3-resistant
Gigante and Tog5681 accessions (Traore´ et al. 2010). In addition
to these well-characterized isolates, four new isolates from the
S1ca lineage were included in this study as candidates for the new
pathotype. They belong to the collection from Niger that was
described previously (Traore´ et al. 2010) or were recently collected
in Togo (Oludare et al. 2016) and have previously been inoculated to
the RYMV2- and RYMV3-resistant Tog7291 and Tog5307 acces-
sions (Pidon et al. 2017; Pinel-Galzi et al. 2016).
Resistance spectrum assessment. The RYMV isolates were
inoculated under controlled conditions. Each inoculum was pre-
pared by grinding infected leaves (0.1 g/ml) in a 0.1 M phos-
phate buffer at pH 7.2. Extracts were mixed with a 600-mesh
carborundum and then rubbed on the leaves of 14-day-old rice
seedlings. Each RYMV isolate had previously been multiplied in
the susceptible rice variety IR64 for further experiments. For the
resistance assessment, each isolate was inoculated onto 18 to 24
plantlets of each resistant accession (5 plants by 4 pots) and onto 8 to
10 susceptible control plantlets. Leaves were collected 2 months
after inoculation. Symptomatic plants with typical yellow mottling
were analyzed individually via double-antibody sandwich enzyme-
linked immunosorbent assay (DAS-ELISA) with a polyclonal
antiserum raised against an RYMV isolate from Madagascar
(Fargette et al. 2002). Asymptomatic plants of the same pot were
pooled together and then analyzed individually in the case of a
positive pool.
Sanger sequencing and validation of RB mutations. For
each viral isolate–plant accession modality, two infected plants
were randomly selected. For the new pathotype T9 candidate
isolates, five samples per modality were selected. Total RNA was
extracted using the RNeasy Plant Mini kit (Qiagen). The VPg and
its 59 and 39 neighboring regions were specifically amplified via
RT-PCR, as previously described (He´brard et al. 2006), and sequenced
using the Sanger technique. To identify RB mutations, the VPg
sequences of the RB genotypes obtained via the Sanger technique
were aligned using CLUSTALW with default parameters and
compared with those of the corresponding wild-type genotype. To
validate the functional role in resistance breakdown of the new
convergent mutations R38Q and T43A in the VPg, as well as the
influence of the T/E49 polymorphism, the mutants Cia38, Cia38/49,
Cia43, and CIa43/49 were constructed via directed mutagenesis of
the infectious clone CIa (T49) with a QuickChange Site-Directed
MutagenesisKit (Agilent) (Pinel-Galzi et al. 2007; Traore´ et al. 2010).
The new clones were fully sequenced by the Sanger technique,
as described previously (Fargette et al. 2004), to validate their
conformity. Transcription of mutated clones and inoculation of viral
RNA in the susceptible rice variety IR64 were performed as
previously described (Poulicard et al. 2010). To assess the RB ability,
each isolate was inoculated onto 15 to 20 plantlets of each resistant
accession and onto 10 susceptible control plantlets. RB analysis
was conducted as described above using DAS-ELISA for RYMV
detection on symptomatic leaves 2 months after inoculation. The
VPg of two samples randomly selected from each mutant was
sequenced via the Sanger technique as described above to confirm
the presence of the inserted mutations.
Deep sequencing. For each of the isolates Ni1, Ng106, Ng119,
andTg274, two plants namedAandB (from theTog5674 accession,
rymv1-5 allele and the corresponding inoculum from the suscep-
tible control variety IR64) were randomly selected. The RYMV
genomewas amplified using a two-step process. First, specific full-
length reverse transcription was performed using the primer DAS
(Fargette et al. 2004) and PrimeScript reverse transcription (Takara
Bio Inc.).Second, theRYMVgenomewasamplified in twooverlapping
fragments using the primers AS/BAS andCS/DAS (Fargette et al. 2004)
and ExTaq polymerase (Takara Bio Inc.). Libraries were constructed
using 6-bp barcodes to allow for multiplexing, as previously de-
scribed (Mariac et al. 2014). Briefly, PCR fragments of the same
sample were bulked in equal equimolar conditions and sheared to a
mean target size of 400bp.Fragmentswere then repaired, ligated, nick
filled in, and amplified via real-time PCR to complete the adapters
and generate libraries that were ready for cluster generation and
sequencing. Pair-end sequencing (2 × 150 bp) was performed on an
Illumina MiSeq v3 platform at the CIRAD facilities (Montpellier,
France), with approximately 12 pmol of theDNA libraries deposited
on the flow cell.
Demultiplexing was undertaken using a script that sorts reads
as a function of a given list of barcodes (script available at
DEMULADAPT; https://github.com/Maillol/demultadapt). The fastq
files are available on the National Center for Biotechnology Informa-
tion Sequence Read Archives (number SRP116739). Reads were
analyzed using Galaxy workflows (Afgan et al. 2016; Giardine
et al. 2005) implemented on the South Green bioinformatic
platform. Briefly, reads were filtered based on their length and
mean quality values (Q > 35), and adapters were removed using
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Cutadapt (Martin 2011) with the following parameters: minimum
overlap length= 7 andminimum length after trimming = 35. Reads
of each sample from susceptible plants (inoculum) were first
mapped to the closest available full-length virus sequence to
obtain a consensus sequence. In a second step, reads of each RB
sample were mapped against this consensus sequence. Mapping
was performed using BWA-MEM (Li and Durbin 2010) with
the following parameters: maximum edit sequence = 0.06 and
maximum difference in the seed = 5. After a sorting step with
SortSam, the optical duplicates were removed with MarkDuplicates
fromPicard tools (http://picard.sourceforge.net), and readswere then
realigned using Realigner Target Creator and Indel Realigner from
the GATK package (McKenna et al. 2010). Single-nucleotide
polymorphisms (SNP) were called using Samtools (Generate pileup)
(Li et al. 2009) andVarscan Pileup2snp (Koboldt et al. 2009)with the
following parameters: minimum base quality = 30, minimum read
depth = 100, minimum supporting reads to call a variant = 10, and
minimum variant allele frequency = 0.03. For the RB samples, only
the SNP that were not detected in the inoculum (from susceptible
plants) or SNP for which there was a frequency increase compared
with the inoculum were considered. The ORF and the SNP positions
were numbered after a realignment step with the reference sequence
of the infectious clone CIa. Site conservation was determined
according to the 33 published full-length sequences (Rakotomalala
et al. 2013). SNP were considered to be rare or fixed when their
frequency was < 10% or > 80%, respectively. VPg haplotypes were
analyzed using a three-step Galaxy process (Bedtools, Samtools
BAM-to-SAM, and SAM-to-Fasta). Then, the alignment was
manually curated to remove incomplete reads, and the haplotype
frequencies were calculated with DNAsp (Rozas et al. 2003).
RESULTS
RYMV RB ability against highly resistant accessions.
Twenty RYMV isolates were inoculated under controlled condi-
tions onto four resistant plant accessions of theRYMV1 allelic series
(Fig. 2). The viral isolates were selected to be representative of the
RYMV genetic and pathogenic diversity based on the previous
results of their phylogeny and their RB ability in the Gigante and
Tog5681 accessions (Pinel-Galzi et al. 2007; Traore´ et al. 2010).
Isolate candidates for the new pathotype able to overcome both
rymv1-2 and rymv1-3 alleles were included in this study in order
to provide a deeper assessment of their virulence spectrum. Viral
adaptability was evaluated as a qualitative parameter defined by the
ability of a given isolate to overcome the resistance of a given
accession. By contrast, the resistance spectrum conferred by a given
Fig. 2. Resistance-breaking abilities of Rice yellow mottle virus (RYMV) isolates. One accession (Gigante, Tog5681, Tog5438, and Tog5674) with each RYMV1-
resistant allele (rymv1-2, rymv1-3, rymv1-4, and rymv1-5) was challenged against 20 isolates from different strains (S1 to S6) that originated from West Africa
(WA), West-Central Africa (WCA), and East Africa (EA). Taxonomic positions of the isolates are inferred from the cladogram reconstructed by parsimony from
their coat protein sequence. The viral adaptability depends on the amino acid at position 49 of the viral genome-linked protein (VPg) (threonine = T or glutamic
acid = E) and on the RYMV1 allele. Isolates of the pathotypes T and T9 are shaded in gray. The new pathotype T9 able to overcome all the RYMV1 alleles is
indicated by a black box. RB = ability of resistance breakdown, _ = no resistance breakdown, * = previously published (Pinel-Galzi et al. 2007, 2016; Pidon et al.
2017; Traore´ et al. 2010), and nt = not tested.
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resistance allele was evaluated as a quantitative parameter that was
estimated from the 20 RYMV isolates representative of the viral
diversity in Africa.
As expected, susceptible controls (8 to 10 inoculated plants/
isolate) were all infected (data not shown). Most of the resistant
plants (18 to 24 inoculated plants/accession/isolate) did not develop
any symptoms and viral multiplication was not detected by DAS-
ELISA (Fig. 2; Supplementary Table S2). However, typical RYMV
symptoms were observed for 520 of the 1,605 inoculated plants
(i.e., 32% of the total number of resistant plants) 1 to 2 months after
inoculation. Resistance breakdownwas confirmed byDAS-ELISA,
and RYMV was detected in each symptomatic plant. The resistant
rice accessions and the RYMV isolates showed variable resis-
tance spectra and different RB abilities (Fig. 2). Of the 80 viral
isolate–plant accession modalities, 35 led to symptoms within
70% of the inoculated plants. As previously described (Pinel-Galzi
et al. 2007; Traore´ et al. 2010), the resistance of theGigante accession
(rymv1-2 allele) was overcome by several isolates of pathotype E
and the resistance of the Tog5681 accession (rymv1-3 allele) by
isolates of pathotype T (Table 1). Additionally, and as expected, the
five isolates with T49 originating from West-Central Africa were
able to overcome the resistance provided by both the rymv1-2 and
rymv1-3 alleles. Consistently, the adaptability of the Ng106 and
Ng119 isolates to the Tog5681 accession was previously reported
(Traore´ et al. 2010).
For the first time, the resistance spectra of the O. glaberrima
accessions Tog5438 and Tog5674, which harbor the rymv1-4 and
rymv1-5 alleles, respectively, were assessed with the same iso-
lates. Similarly to the Tog5681 accession, the two tested accessions
showed an efficient resistance to isolates from East Africa (Fig. 2).
A different trend was observed withWest andWest-Central African
isolates. On the one hand, rymv1-4-mediated resistance from the
Tog5438 accession was overcome by most isolates from the S1
and S2-S3 strains, regardless of the pathotype. On the other hand,
rymv1-5-mediated resistance showed a spectrum similar to that
mediated by the rymv1-3 allele. Interestingly, the isolates from
West-Central Africa (S1ca lineage) with a threonine at position 49
of the VPg and that were able to overcome the resistance of the
Tog5681 accession also broke the resistance of the Tog5674 acces-
sion. Hence, these results confirmed that the isolates with T49 from
the S1ca lineage defined a new pathotype, referred to hereafter
as pathotype T9. Pathotype T9 is characterized by hypervirulence
(i.e., the ability to overcome resistancemediated by all of theRYMV
resistance genes and alleles).
RB mutations detected via VPg sequencing and vali-
dated by directed mutagenesis. To better understand the adaptive
processes of pathotype T9, 80 infected samples were randomly
selected, and their VPg gene was amplified and sequenced via the
Sanger technique. Only nucleotide transitions (purine to purine or
pyrimidine to pyrimidine) were detected. They all resulted in
nonsynonymous substitutions of amino acids with biochemical
properties that were different from those of the wild-type isolates.
The substitutionswere located at positions 41, 43, and 52 of theVPg
gene (Table 2). Consistent with previous findings (Pinel-Galzi
et al. 2007; Traore´ et al. 2010), we found a histidine-to-tyrosine
substitution at position 52 (H52Y) in the rymv1-2 and rymv1-3
RB genotypes and a serine-to-proline substitution at position 41
(S41P) in the rymv1-3 RB genotypes. For the first time, the VPg
sequences of the rymv1-4 and rymv1-5 RB genotypes were se-
quenced. In the rymv1-4RBgenotypes, substitutions of threonine to
alanine at position 43 (T43A) and S41P were observed. The
substitution T43A was described previously in the rymv1-2 RB
genotypes (Pinel-Galzi et al. 2007). In the rymv1-5 RB genotypes,
the substitutions were restricted to S41P and H52Y. Importantly, a
mix between the wild-type nucleotide and its mutated alternative
was found in 15 samples (Table 2; Supplementary Table S3), which
indicates intrahost diversity and evolution of the viral population
during the RB processes. Additionally, in three RB samples, two
emergingmutations, S41P and either T43A or H52Y, were detected
in the same sample; however, this sequencing technique cannot
determine whether the samples contained a double-mutated geno-
type or two singlemutants (Table 2). Two synonymous substitutions
at positions 48 and 62 were detected in two rymv1-4RB genotypes;
they were isolate specific and belong to the Ng119 isolate. Thirty
samples from the other strains and lineages were sequenced.
The same major substitutions, S41P and H52Y, were identified.
In addition to the T43A substitution, an asparagine-to-tyrosine
substitution at position 42 (N42Y) was detected in the rymv1-2 RB
genotypes fromEastAfrica. An arginine-to-glutamine substitution at
position 38 (R38Q) was identified in the rymv1-4 RB genotype from
West Africa. A new specific substitution of the Ng109 isolate (i.e.,
a glutamic acid-to-lysine substitution at position 29 [E29K]) was
detected in three rymv1-4 RB genotypes. Altogether, the most fre-
quent mutations in the current study, as well as in previous studies
(Pinel-Galzi et al. 2007; Traore´ et al. 2010), revealed convergence in
the RB molecular determinants in the RYMV1 allelic series.
Contrary to the role of the mutations at positions 41, 48, and 52,
the role of the VPg convergent mutations R38Q and T43A in
resistance breakdown have not been previously validated. We
performed directed mutagenesis to introduce these mutations in the
infectious RYMVclone and inoculated themutants into plants from
the RYMV1 allelic series (except rymv1-4, because of its low range
and efficiency for resistance against isolates from West and West-
Central Africa). The RB ability of each mutated clone was tested in
combination with the E/T residue at position 49. The infectious
clone CIa was used as a negative control in our study. Notably, this
genotype has been previously reported to often overcome the
resistance of rymv1-3 (and rarely rymv1-2) via the emergence of de
novo RB mutations. The CIa52 genotype was used as a positive
control. As expected, this genotype was efficient against rymv1-5
resistance, as well as against rymv1-2 and rymv1-3 resistance
(Table 3).However, theRBefficiency of theCIa52/49 genotypewas
restricted to rymv1-2-mediated resistance. Replacing T49 with E49
prevented the efficiency of the H52Ymutation to overcome rymv1-
3- and rymv1-5-mediated resistances.
The mutation T43A has already been reported in rymv1-2 and
rymv1-3 RB mutants. In this study, it was detected to be associated
with resistance breakdown in the three accessions tested (Gigante,
Tog5681, and Tog5674) (>80% infected plants). The CIa43 geno-
type showed the same RB ability and efficiency as the CIa52
genotype. The combination of the T43A and T49E mutations
prevented the infection of all RYMV1-resistant accessions, in-
cluding Gigante. The mutation R38Q, which has already been
reported in rymv1-2 RB mutants, was not able to overcome the
rymv1-2 resistance in our study, even when combined with T49E.
Interestingly, although it was never detected experimentally, the
R38Qmutation inserted alone in the infectious clone CIa allowed it
to overcome rymv1-3- and rymv1-5-mediated resistances (>60%
of infected plants). In combination with T49E, the R38Q mutation
lost its RB function against resistant O. glaberrima accessions.
Altogether, we conclude that single nonsynonymous mutations
inserted in the central domain of the VPg at a restricted number
of conserved positions allowed the breakdown of resistance in
accessions with the RYMV1 allelic series depending on the residue
at position 49 (Fig. 3).
TABLE 1. Number and percentage of Rice yellow mottle virus (RYMV) iso-
lates from pathotypes E, T, and T9 that are able to infect rice accessions with
RYMV1 resistance alleles
Accessions E T T9 Total
rymv1-2/Gigante 6/9 (67%) 1/6 (17%) 5/5 (100%) 12/20 (60%)
rymv1-3/Tog5681 0/9 (0%) 2/6 (33%) 5/5 (100%) 7/20 (35%)
rymv1-4/Tog5438 3/9 (33%) 6/6 (100%) 4/4 (100%) 13/19 (68%)
rymv1-5/Tog5674 0/9 (0%) 1/6 (17%) 5/5 (100%) 6/20 (30%)
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However, 66% of the sequenced VPg from the RB samples
showed no mutations in comparison with the sequence from the
wild-type isolate (54 of 80 samples from the hypervirulent pathotype
T9 and 18/30 samples from the other pathotypes) (Table 2). Several
hypotheses could explain this phenomenon: (i) isolates possess some
intrinsic genetic properties to overcome resistant alleles without
mutation, (ii)VPgmutationswitha low frequency are not detectedvia
Sanger sequencing, or (iii) RBmutations occur outside the VPg gene
in the RYMV genome.
RB mutations detected in the hypervirulent pathotype
T9 via deep sequencing. To test these hypotheses, we performed
deep sequencing of the full-length RYMV genome on samples with
or without emerging or fixed mutations detected via Sanger se-
quencing. We focused on the Tog5674 accession (rymv1-5) and on
the hypervirulent pathotype T9 (isolates Ni1, Ng106, Ng119, and
Tg274 of the S1-ca strain), which showed the widest resistance and
RB spectra, respectively. For each isolate, two independent RB
samples (namely, A and B) were compared with the inoculum
originated from susceptible plants (Fig. 1B). After amplification of
the full-length RYMV genome in two overlapping fragments and
the preparation of the libraries, tagged samples were multiplexed
and sequenced using MiSeq Illumina technology.
In total, 42 polymorphic sites were found along the RYMV
genome from the inocula (susceptible plants) (Fig. 1B). Among
them, 24 sites have been previously identified comparing the 33
published sequences representative of the RYMV genetic diver-
sity. The number and positions of the polymorphic sites along the
genomewere highly variable, depending on the isolates. In total, 25
polymorphic sites were common in susceptible and resistant plants,
and they were considered in the rest of the study only if their
frequency increased compared with the inoculum. In the resistant
plants, 42 RB candidate sites were found along the RYMV genome
(Fig. 1B; Supplementary Table S4). They were located discontin-
uously in three main diversity hotspots in the 59 noncoding region,
the VPg, and the polymerase genes. In total, 62% of the mutated
sites were found to be strictly conserved at the nucleotide level
compared with 33 RYMV sequences representative of RYMV
genetic diversity (Fig. 1B). Only 25%of themutationswere fixed or
close to being fixed (SNP frequency in theviral populations> 80%),
whereas 52% of the mutations were rare (SNP frequency < 10%)
and could not be detected via Sanger sequencing (Supplementary
Table S5). Considering only the coding domains, 32 mutated
sites were identified, and 23 of these (i.e., 72%) resulted in
nonsynonymous substitutions. Interestingly, only 11 of these 23
mutated sites were strictly conserved at the amino acid level across
the diversity of RYMV. They are the best candidates to explain the
RB cases because the reference isolates exclusively originated from
susceptible rice varieties. Nonsynonymous mutations represented
8% of the VPg amino-acids and 75% of the total number of
mutations (6 of 8 mutations) in the VPg (Supplementary Table S6).
Four of eight sites (positions 23, 41, 43, and 52) were strictly
conserved in the reference sequences and were variable in our RB
samples.
Interestingly, very few mutations emerged independently in
different modalities. We found only three cases of identical
mutations between two samples of the same isolate inoculated with
Ni1 and Ng119 in the protease and the VPg (Fig. 1B). These
mutations were all fixed in the resistant plants, and one of these
mutations in the VPg was also detected at a frequency of 49%
in the inoculum originating from susceptible plants. In addition,
three convergent mutations were found in two to six samples (from
two to four different isolates) (Fig. 1B). All of these mutations
were nonsynonymous substitutions located in the VPg at strictly
conserved positions in the reference sequences (originating from
TABLE 2. Rice yellow mottle virus gene RYMV1 resistance-breaking mutations in the viral genome-linked protein (VPg) of the isolates from the hypervirulent
pathotype T9a
Isolates rymv1-2 Gigante rymv1-3 Tog5681 rymv1-4 Tog5438 rymv1-5 Tog5674
Ni1 RB RB S41Pm+T43Am, RB S41P, S41Pm, H52Ym, RB
Ng106 RB RB nt S41Pm+H52Ym, H52Y, RB
Ng119 H52Y, RB S41P, RB synm, RB H52Y, RB
Tg274 H52Y S41P, H52Ym, RB RB H52Y, H52Ym, RB
Tg247 H52Y H52Y, RB RB S41Pm+H52Ym, H52Y, RB
a RB = resistance breakdown with no mutation detected, superscript “m” = mix of mutated and wild-type VPg residues in the same sample (i.e., an emerging
mutation), + indicates different mutations found in the same sample, and nt = not tested.
TABLE 3. Validation of resistance-breaking (RB) mutations in the viral genome-linked protein (VPg) gene of the infectious clone CIa, depending on the T/E
residue at position 49a
CIa CIa49 CIa52 CIa52/49 CIa43 CIa43/49 CIa38 CIa38/49
T E T E T E T E
Susceptible + + + + + + + +
rymv1-2 _b _c + + + _ _ _
rymv1-3 _b _ + _ + _ + _
rymv1-5 _ _ + _ + _ + _
a Symbols: + = RB and presence of the inserted substitutions and _ = no infection.
b No infection in this study but RB with additional mutation acquisition previously published (Poulicard et al. 2014; Traore´ et al. 2010).
c RB obtained in this study but with additional mutation acquisition.
Fig. 3. Location of the Rice yellow mottle virus 1 (RYMV1) resistance-breaking
(RB) substitutions in the viral genome-linked protein (VPg). Single non-
synonymous RB mutations restricted to the central domain of the VPg at
conserved positions allow the resistance breakdown of Gigante (rymv1-2),
Tog5681 (rymv1-3), Tog5438 (rymv1-4), and Tog5674 (rymv1-5), depending on
the residue at position 49 (boxed). Dark (red) and bold letters = RB mutations
found by sequencing and validated in this study, gray letters = potential RB
mutations confirmed by mutagenesis, black and bold letters = found by sequencing
in this study, and light gray letters = previously reported. X at position 41 = proline
(P)/alanine (A) and X at position 48 = glutamic acid (E)/glycine (G)/isoleucine (I)/
valine (V). K = lysine, Q = glutamine, T = threonine, and Y = tyrosine.
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susceptible plants) (Fig. 1A). These convergent mutations, detected
via deep sequencing, correspond to mutations that were previously
found in other samples via Sanger sequencing. The mutations
H52Y, S41P, and T43Awere found in six, five, and three samples,
respectively, of eight samples total. Their frequency was highly
variable depending on the sample (27 to 97, 5 to 32, and 6 to 10%,
respectively). These substitutions were not detected in the in-
oculum. Haplotype analysis of the central domain of the VPg
revealed that, in most of the samples, the mutations at positions 41,
43, and 52 were present independently in different RB genotypes
(i.e., nomutation accumulation was detected) (Table 4). The unique
exception was sample B of the isolate Ng119, in which all of
the reads with the S41P mutation (6%) also contained the H52Y
mutation.
Overall, our study showed that, for the eight samples analyzed
from the hypervirulent pathotype T9, (i) RB genotypes always
contained mutations, (ii) most of the mutations were not fixed and
could not be detected via Sanger sequencing, and (iii) RBmutations
also occurred in genes other than VPg gene. However, considering
the mutations identified via the Sanger and Illumina methods,
the mutations in the VPg could explain all of the cases of resistance
breakdown, except for that in Ng106 B, even with mutation
frequencies below 32% (for instance, in Ng106 A) (Table 4).
DISCUSSION
Strategies for breeding rice to resist RYMV have to consider
several variable constraints such as the resistance spectra of the
plants and RB abilities of the virus. Working under controlled
conditions, our aim was to better assess and understand the
influence of these parameters to predict resistance sustainability
and to optimize deployment strategies,minimizing viral adaptation.
Resistance breakdown first requires the emergence of mutations at
the intrahost level. Although we cannot exclude the involvement of
different RYMV genes in RYMV1-associated RB mechanisms as
previously reported (Poulicard et al. 2014), VPg has a predominant
role, as expected from the direct interaction with the eIF(iso)4G1
resistance factor. In our study, we showed that single mutations
in the central part of the VPg are enough to overcome the entire
RYMV1 allelic series. We confirmed that RB mutations occurred
only at a restricted number of sites in this highly conserved protein
and that the various RYMV strains and lineages followed strong
convergent mutational pathways. In addition to the substitution
H52Y, new multifunctional RB mutations were revealed at posi-
tions 38 and 43. The structural features of the VPg, an intrinsically
disordered protein (He´brard et al. 2010). and the vicinity of muta-
tions in the same VPg–MIF4G interaction domain explained this
multifunctionality. Mutation convergence occurred not only in dif-
ferent isolates but also in different resistant hosts, and the efficiency
range of the H52Y, R38Q, and T43A mutations covered all of the
RYMV1 alleles. The emergence of these mutations on one resistant
accession could lead to the resistance breakdown of the others and
could invalidate deployment strategies that alternate resistance
alleles. In contrast to the previous hypotheses, we revealed, using
deep sequencing, that mutation accumulation did not always
occur, and that RB mutations emerged independently in different
haplotypes. Unfortunately, when single mutations are sufficient to
overcome resistance genes, the resistance sustainability is predicted
to be low (Fabre et al. 2009; Harrison 2002; Lecoq et al. 2004).
Additionally, the role of the viral population in the RB mechanism
was discovered with, for the first time, nonfixed mutations that were
able to explain the RB phenotype. The fact that this phenomenon
is not restricted only to the hypervirulent pathotype T9 suggests
intrapopulation complementation (i.e., a minor mutated genotype
helps to maintain the wild-type genotype in the viral population)
(Andino and Domingo 2015). Moreover, preliminary experiments
suggest that themutated clones CIa38andCIa43 are not associated
with fitness losses in susceptible plants (O. sativa, variety IR64,
andO. glaberrima, accession Tog5673). Resistance sustainability
is predicted to decrease when the fitness penalty induced by RB
mutations is low in susceptible hosts (Fabre et al. 2009; Harrison
2002; Lecoq et al. 2004).
Our data allowed for a complete assessment of theRYMV1 allelic
series, generating an overview of the RB prediction efficiencywhen
facing RYMVdiversity. The alleles rymv1-3 (Tog5681) and rymv1-
5 (Tog5674) exhibited the widest resistance range. This result was
expected, particularly when taking into account the nature of the
resistance mutations; namely, a deletion of three residues (DRDD
322 to 324) and a combination of a lysine-to-asparagine substi-
tution (K312N) and another short deletion (DLTG 313 to 315).
Structurally close, the resistance sustainability of these two alleles
was similar. Nevertheless, the relative complexity of rymv1-5 may
result in more sustainability. Indeed, experiments in double yeast-
hybrid assays suggest a lower residual interaction of the wild-type
VPg with the mutated central domain of eIF(iso)4G1, mimicking
the rymv1-5 allele (Supplementary Fig. S1). In comparison, the
TABLE 4. Comparison of classical (Sanger) and deep-sequencing (Illumina)
data for the viral genome-linked protein (VPg) of isolates from the hyper-
virulent pathotype T9
Isolates Samples Sangera Illumina (total)b
Ni1 A RB 41 (8%) or 43 (10%)
B 52m 41 (14%) or 52 (28%)
Ng106 A 41m+52m 41 (32%) or 43 (10%) or 52 (29%)
B RB RB
Ng119 A 52 41 (5%) or 52 (83%)
B 52 41+52 (6%) or 52 (73%)
Tg274 A 52 52 (97%)
B 52m 43 (6%) or 52 (48%)
a RB = resistance-breaking event but no mutation detected, + = combination
of several mutations in the same sample (classical sequencing data), and
superscript “m” = mix of mutated and wild-type VPg residue in the same
sample. Haplotypes combining two mutations are indicated in bold (deep
sequencing data).
b Numbers refer to the mutation position in the VPg, and the percentage in
parenthesis corresponds to the single-nucleotide polymorphism frequency
detected via deep sequencing.
Fig. 4. Rice yellow mottle virus 1 (RYMV1) resistance breakdown risk map:
a tool to optimize the RYMV1 deployment strategy. Defined as low (right),
medium (left), or high (center), the resistance breakdown risk assessed here
(Table 1) and previously (Pidon et al. 2017; Pinel-Galzi et al. 2007, 2016; Traore´
et al. 2010) is shown for the RYMV1 allelic series according to the geographical
distribution of the strains (Pinel-Galzi et al. 2015; Traore´ et al. 2005). The
resistance breakdown risk is defined based on the representative isolates’ ability
to overcome the resistance of the corresponding alleles. Weak (dotted line) and
strong (plain line) barriers to virus propagation are illustrated based on dispersal
rate and rice landscape (dense or sparse cultivation; see Discussion).
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rymv1-4 (Tog5438) and rymv1-2 (Gigante) alleles are characterized
by the same single substitution, a change from glutamic acid
to lysine in very similar molecular environments (at positions 309
and 321, respectively); however, they showvery different resistance
spectra. The allele rymv1-4 in Tog5438 was the least sustainable of
the tested O. glaberrima alleles, and is only efficient toward the
East-African isolates (strains S4 to S6 with E49), whereas the allele
rymv1-2 in Gigante (O. sativa) is efficient against the strain S2/S3
(with T49) from West Africa (Fig. 2). These differences can be
explained by the crucial role of T49, identified as a preadaptation of
RYMV to the African rice host, in the ability to overcome the
resistance alleles of RYMV1 originating from O. glaberrima. Thus,
after gathering the pathogenic data obtained from this study and
previous studies (Pinel-Galzi et al. 2007; Traore´ et al. 2010), as well
as the spatial distribution of the RYMV strains and lineages in
Africa (Fargette et al. 2004; Pinel-Galzi et al. 2009; Pinel-Galzi
et al. 2015; Traore´ et al. 2006a; Trova˜o et al. 2015), a risk map of
RYMV1 resistance breakdownwas proposed (Fig. 4). In EastAfrica,
the RB risk appeared to be low globally, with isolates from strains
S4 and S5-S6 unable to overcome the RYMV1 resistance from
O. glaberrima accessions. In West-Central Africa, the risk level
appeared to be very high, with the isolates from the hypervirulent
pathotype T9 (lineage S1-ca with T49) able to overcome all of the
RYMV1 resistance alleles. Additionally, the isolates from the S1-ac
lineagewith E49, also distributed in this area, showed an RB ability
against Gigante and Tog5438. Finally, the situation in West Africa
appeared to be intermediate, with a medium risk on the resis-
tance sources, particularly for Tog5681 and Tog5674.Our risk map
was generated based on the results obtained from available resis-
tant accessions, mostly of African rice accessions. However, the
O. glaberrima accessions are not usable at a large scale because of
their low yield. Their resistance spectra and efficiency should be
compared with those of the corresponding near-isogenic lines.
Indeed, a host’s genetic background can modulate the frequency of
resistance breakdown, as has been shown for the pvr2 locus (an-
other translation initiation factor involved in resistance to viruses)
(Quenouille et al. 2016). Altogether, our results suggested that the
introgression of high resistance genes and alleles into high-yielding
O. sativa varieties could be beneficial in the East African region,
with a global low risk of resistance breakdown. Concerning West
Africa, we found that the isolates from the strain S2-S3 showed
a low rymv1-3 RB ability, contrary to previously published data.
Because the rymv1-3 (Tog5681) and rymv1-5 (Tog5674) resistance
alleles showed similar resistance spectra, we cannot exclude
the possibility that the efficiency of the strain S2-S3 in breaking
rymv1-5-mediated resistance has been underestimated. The factors
involved in this response variability such as viral isolate selection or
experimental conditions have not yet been identified and should
be investigated more deeply. In our study, we assessed the first step
of the viral adaptation to resistant accessions (i.e., the qualitative
ability to overcome resistance). Different isolates that are able to
overcome Tog7291 (RYMV2) show high or very low frequencies of
RB events (Pinel-Galzi et al. 2016). In future studies, measures
of variability and frequency should be performed to quantify and
predict the RB risks in real conditions.
In West-Central Africa, we identified that the hypervirulent
pathotype T9 is able to overcome all of the resistance alleles of
RYMV1, even the most efficient ones, rymv1-3 and rymv1-5.
Isolates of this pathotype are able to infect sources of resistance
carrying the RYMV2 and RYMV3 resistance alleles (Pidon et al.
2017; Pinel-Galzi et al. 2016). Preliminary results also suggested
resistance breakdown of the Tog5672 accession (carrying both
rymv1-4 and RYMV2). The molecular signatures involved in the
intrinsic properties of this new pathotype are under investigation.
Analyses of the full-length sequences identified an arginine-to-
lysinemutation at position 22 of the VPg as a candidate. The impact
of this polymorphism and its combination with T49 on the RB
ability of RYMV has to be tested. The hypervirulent pathotype is
more abundant than previously suspected. It has been detected in
the neighboring countries Nigeria, Niger, and Togo, and its geo-
graphical distribution should be monitored, especially in Benin,
Burkina-Faso, Cameroon, and Chad. The dispersal risk of RB
genotypes can only be realistically estimated if taking into account
the overall dispersal rate of the virus, the corridors of propagation,
and the agroecological barriers to transmission, information made
recently available for RYMV (Pinel-Galzi et al. 2015; Trova˜o et al.
2015). A spatiotemporal model for RYMV diffusion has been
proposed, with an overall dispersal rate of approximately 15 km/
year (Trova˜o et al. 2015). Strain circulation betweenWest andWest-
Central Africa was hindered for a long time by the scarcity of rice
cultivation in the “yambelt” separating the two regions (Pinel-Galzi
et al. 2015). This barrier is now fadingwith the current intensification
of rice cultivation, especially along theNiger andBenue rivers, which
is now an efficient corridor of propagation of the virus across the two
regions (Trova˜o et al. 2015). By contrast, the large forests of the
Democratic Republic of the Congo, with sparse rice cultivation, still
constitute an efficient barrier to the spread of RYMV betweenWest-
Central and East Africa (Pinel-Galzi et al. 2015; Trova˜o et al. 2015).
Hence, in East Africa, the sustainability of future lines introgressed
with RYMV1 alleles from O. glaberrima is unlikely to be threatened
by preadapted strains of pathotypes Tor T9 originating inWest Africa
(strains S1 to S3) or by strains circulating in East Africa, which
all belong to pathotype E (strains S4 to S6) (Fig. 2). By contrast,
resistance management inWest andWest-Central Africa is complex,
with possible circulation of the RB genotypes. The data obtained here
contribute to the anticipation and possible mitigation of the RB risks
in West and East Africa. The deployment strategies of resistant lines
will be optimized in an attempt to sustain rice resistanceby taking into
account the adaptability of RYMV strains, their spatial distribution,
and their dispersal rate.
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